The objective of this study was to assess the environmental risk posed to Australian and New Zealand ecosystems by the presence of powdered laundry detergents in greywater used for irrigating gardens. Fifty powdered laundry detergents were assessed and all contained hazards which posed moderate to very high risks from increased alkalinity, sodicity and salinity to plants and soils when used at manufacturer-recommended doses and the resulting greywater used for irrigation. A number of detergents had phosphorus and boron concentrations considered to be a high risk for a number of plants. Risk to groundwater quality was also evaluated and found to potentially be a tighter constraint than risk to plants and soil where irrigation reuse is extensive in arid areas. A detergent environmental performance index was composed on risks assessed for three scenarios to compare with a washability performance index for the same powders. Only one detergent exceeded the 80% environmental index (100% ¼ low risk from all hazards assessed) and maintained wash performance above 85%. The analysis suggests that for poorly drained soils greywater reuse is not recommended for most of the powdered laundry detergents evaluated. However the methodology may provide a basis for environmental labelling of detergents.
INTRODUCTION
Climate change, prolonged and recurrent drought, population growth and deferred investment in new water supplies have led to water restrictions being imposed on most Australian cities in recent years. Garden watering with mains water has been limited or prohibited leading to the reuse of greywater (waste water from the laundry, showers, baths and taps) by many households to water gardens. Greywater reuse, roof rainwater collection and planting of water-efficient native species or xerophytes have been seen to be ways of sustaining gardens in the future. Greywater reuse may provide 280 to 400 L/house-opacifiers, oxygen bleach, enzymes, fillers, surfactants and suds control agents (e.g. Hennes-Morgan & de Oude ;
Warne & Schifko ).
The Australian Guidelines for Water Recycling Phase 1 (AGWR; NRMMC & EPHC ) cover the use of greywater in the urban environment and they identified a number of potential hazards (i.e. boron (B), cadmium (Cd), chlorine (Cl), hydraulic loading (from water), nitrogen (N), phosphorus (P), salinity and sodium (Na)) associated with the use of greywater to water gardens. The magnitude of these hazards can vary markedly. For example, Patterson () showed that Na and P concentrations in Australian laundry detergents varied by up to 100-fold when used at manufacturer-specified concentrations. Such differences in the concentration of these hazards in laundry detergents will be reflected in the risks posed by greywater containing different detergents.
The AGWR (NRMMC & EPHC ) do not identify any organic constituents of laundry detergents as hazards from the land application of greywater. However, AGWR recommend a watching brief in the area. This is warranted as Warne & Schifko () reported that organic surfactants in Australian laundry detergents were a major contributor (i.e. a mean of 40%) to the toxicity of the detergents and because of current concerns over chemicals in other pharmaceutical and personal care products such as nonylphenol and triclosan (Ying et al. ) . Given the above, inorganic chemicals became the focus of this paper. A more comprehensive understanding of the environmental impact of organic chemicals in detergents is required to complement this study and provide a complete assessment of the risk posed by watering gardens with greywater.
Given the enormous variation in environmental receptors and conditions affecting behaviour and fate of hazards, this study was limited to analyses of constituents of the detergents, calculation of their concentrations in greywater and desk-top evaluations of specific environmental risks based on the AGWR. Prior to this study being undertaken three scenarios were considered:
1. irrigation of greywater from washing machines on domestic gardens; 2. irrigation of horticultural crops by recycled water from sewage treatment plants receiving washing machine water as a typical proportion of treated sewage; and 3. discharge of treated sewage effluent into sensitive aquatic ecosystems.
In all cases, the risks associated with laundry detergent constituents were considered higher for greywater irrigation (1) than for irrigation of water in which detergents had been diluted then subjected to sewage treatment processes (2), hence the latter two were not evaluated further.
The AGWR (NRMMC & EPHC ) state that one of the most effective measures to minimise the exposure of garden plants and soil to the hazards from greywater reuse is source control. That is, to prevent or minimise the entry of the hazards into the greywater through the selection of detergents that have low concentrations. The other options are: to divert the water from the wash cycle (which would have the highest concentration of the hazards) into the sewage system and then use water from rinse cycles on gardens; or, to dilute the wash cycle water with rinse water and greywater from other sources such as showers, baths and hand basins.
One system that attempts the former is the Australian Eco-labelling program (GECA ) which, for example, sets a maximum limit for Na of 140 mg/L in wash water.
Another system is the voluntary industry standard for phosphorus (P) which aims to minimise aquatic environmental impacts. For detergents containing P the limit is <7.8 g P per wash (52 mg/L) or 5% P in the detergent (ACSPA ), while for so-called 'P-free detergents' the limit is <0.5% P in the detergent (i.e. 5.2 mg/L per wash) (ACSPA ). However, neither of these systems addresses all of the potential hazards identified by the AGWR (NRMMC & EPHC ).
Risks assessed in this evaluation include those to soils and plants where greywater is irrigated, to groundwater beneath irrigation areas, and to runoff from irrigation areas. Health authorities have not encouraged uncontrolled household recycling of greywater for irrigation because of the potential health risks from increased exposure to human pathogens. The current analysis does not explore disinfection properties of laundry detergents nor take account of human health risks. However, with subsurface drip irrigation, or irrigation that is restricted to night-time applications of non-food plants, or with use of disinfection systems, these risks should be manageable.
Given the above situation the aims of this paper are to:
1. assess the risk posed to Australian and New Zealand ecosystems by the use of greywater that contains powder laundry detergents, to water gardens in terms of the inorganic constituents of the detergents; 2. provide an environmental performance rating index that could be used to inform greywater users whether a specific detergent is appropriate to water their garden; and 3. compare the environmental performance of laundry powder detergents with their wash performance as measured by the Australian Consumers' Association (Choice ).
METHODS

Laundry detergent samples
The 50 detergents assessed were selected by the Australian and New Zealand Consumers' Associations so that they were representative of the range of powder laundry detergents used in Australia and were purchased from Australian supermarkets in December 2004 and January 2005.
Greywater composition scenarios
Three greywater composition scenarios that represented the various possible compositions of greywater that would be used for irrigation were assessed in this study. These are where greywater is composed solely of water from:
1. The wash cycle of washing machines assuming deionised water was used as the input water.
2. The wash cycle of washing machines assuming mains water with a Ca concentration of 17 mg/L was used.
The only difference from scenario 1 is the source and chemistry of the input water.
3. The wash cycle and water from two rinse cycles, all of which have the same volume. The input water was mains water with a Ca concentration of 17 mg/L. It was assumed that all the water was collected before irrigating the garden and therefore that the resulting greywater had one-third of the concentration of detergent constituents in the wash cycle water (scenario 1 and 2).
Creating greywater representing the wash cycle
The three greywater composition scenarios are either water from the wash cycle or a dilution of this. Therefore, it was only necessary to create a solution for each of the 50 powder laundry detergents that represents the scenario 1 wash cycle in order to quantify the physicochemical properties and chemical composition (i.e. quantifying the hazards) of the three greywater scenarios. Using this information the hazards can be determined for the other greywater scenarios by appropriate calculations. The manufacturer-recommended mass of each detergent powder was dissolved in an appropriate volume of reverse osmosis water (Millipore RO) given the recommended type of washing machine (front or top loading). The volume of water used in washing machines was that defined by Choice (): that is, front loaders use on average 75 L per wash and top loaders 150 L/wash. These mixtures represented water from the wash cycle only. No clothes were included in the preparation of these solutions so the effect of adsorption on to clothing in the wash was not considered, as this was assumed to have a minimal effect over the whole wash cycle.
All collected greywater samples were stored in the dark at 20 W C prior to analysis.
The distribution of risk for each hazard was calculated by determining the percentage of detergents that fitted into each risk level based on their concentration in each detergent and the trigger values (TVs). These were calculated for each hazard in each of the three greywater composition scenarios. Three dilutions were used when determining this distribution. For Ca 17 mg/L 1:9 dilution, two laundry detergents were low risk for all hazards except pH. Buffer capacity of solutions and mix water were not analysed so it was assumed that dilution would not affect pH of the final mixture.
Chemical analysis of the wash cycle greywater
The concentrations of a range of inorganic constituents, pH, alkalinity and conductivity were analysed using standard procedures (Standard Methods APHA/AWWA/WEF ) in a laboratory that had National Association of Testing Authorities (NATA) accreditation for the methods (Table 1) .
Washing assessment
Washing performance was assessed for each of the 50 detergent powders following a standard procedure as outlined by Choice (). Scores were given as a percentage.
Risk assessment framework
The AGWR (NRMMC & EPHC ) use a standard qualitative risk assessment approach (Standards Australia a, b). This study follows a similar approach.
The environmental risk assessment framework used in this paper is a tiered process which consists of a hazard assessment followed by determining the environmental performance index for those hazards that posed an unacceptable hazard.
HAZARD ASSESSMENT
The hazards assessed are the inorganic chemicals and physicochemical properties presented in (Table 2) . As part of the present study different levels of protection (i.e. different % of species protected) were assigned to these qualitative measures of the magnitude of environmental impact (Table 2 ). An environmental ranking value from four to zero was then allocated to each of the AGWR measures of impact (Table 2 ). The smaller the environmental ranking value the greater the potential environmental impact. The category of risk (i.e. low to very high, column 4 of Table 2 ) associated with each of the hazards was determined for each detergent and the percentage of detergents that fell into each risk category was determined. This was done for greywater composition scenarios 1 to 3.
The EPI for a detergent was calculated by summing the environmental ranking values for each hazard in the detergent and expressing it as a percentage of the maximum possible score of 32 (i.e. the product of the maximum environmental ranking of four and the eight hazards that had HQ ! 1). The EPI was calculated individually for all 50 detergents for all three greywater composition scenarios.
Summary statistics (i.e. mean, median, 5th and 95th percentile values and the standard deviation) of the EPI values of the 50 detergents were then calculated for each greywater composition scenario.
Calculation of trigger values for hazards
The irrigation water STVs (ANZECC & ARMCANZ )
were not calculated using a species sensitivity distribution (SSD) method and therefore it was necessary to recalculate them to determine TVs that correspond to various levels of species protection. So for those hazards that had a HQ ! 1, To assess the risk posed to plants and soils in Australia, the initial risk assessment described in this paper used TVs To determine the risk to soil ecosystems and groundwater, several considerations were made:
• Interactions between climates, soils and plants were neglected in undertaking the analyses of scenarios.
• Irrigation rates were used to calculate trigger values for B
and P in soils and salinity in groundwater.
• If plant P demand was exceeded then the potential for environmental impact increased.
• Salinity trigger values were determined for each of the four soil types.
• Where threshold values were quoted as a range, the mean of the range was taken, and where they were indicated as 'less than' values, 80% of this figure was used as the mean threshold value.
• Nitrogen and hydraulic load (hazards in the AGWR)
were not considered as: 
Groundwater protection evaluation
A rigorous generic analysis is not possible for these species, but as will be seen later, the salt concentrations in some Environmental values of groundwater that may require protection that have salinity criteria are:
• Drinking water (aesthetic limit 500 mg/L TDS (total dissolved solids) and health limit 1,000 mg/L TDS).
• Irrigation water supplies (limit depends on crop, soil, irrigation method and is site specific).
• Industrial use (limit depends on particular requirements of the industry).
• Ecosystem support (as applies to the aquifer or hydraulically connected ecosystem).
Given the diversity of requirements, the health limit for drinking water was arbitrarily chosen as an indicator target suitable for this generic environmental risk assessment, recognising that this target need not be met everywhere, but it will be a real requirement at some locations. Using assumed rainfall and irrigation rates that span most Australian cities, and typical leaching fractions, the ratio of salt concentration in groundwater recharge to the salt concentration in the greywater irrigation source could be determined using a mass balance method (Cook & Herczeg ) .
Three climatic zones were considered which were assumed to require 200, 400 and 600 mm/year irrigation during the dry season. Table 4 shows that in the drier climate with higher irrigation application rate, less dilution from rainfall (which is assumed to contribute negligible salt) and lower leaching fraction, the salt concentration in water recharging the aquifer may average six times that of the irrigation water. In the more humid scenario, rainfall In all cities mixing of the native groundwater will occur with recharge from areas irrigated with greywater and mains water, and non-irrigated areas. Environmental values ascribed to an aquifer by the Australian Groundwater Protection Guidelines (ANZECC & ARMCANZ ) define the water quality objectives for the aquifer including its salinity. It was assumed that the initial groundwater salinity, C 0 , may be increased by a fraction, e, while still complying with the water quality objectives. If leachate beneath greywater irrigation contributes a fraction, f, of groundwater in storage, and leachate salinity is a factor, g, greater than that of the greywater applied in irrigation, then the maximum allowable ratio of salinity of greywater (C ) to salinity of native groundwater is given by:
and if e ¼ 0 Table 5 gives examples where in a semi-arid area if there is sufficient contribution to recharge by leachate from greywater irrigation, it is possible that impact on groundwater salinity is more critical than impact on plants or soils. Table 5 shows the maximum acceptable salinity of greywater to adequately protect groundwater where the native groundwater salinity is 500 and 1,500 mg/L. Note that the concentration by evapotranspiration can potentially result in a requirement that salinity of greywater be less than the salinity of native groundwater, although if only a small fraction of recharge is from greywater irrigation leachate, requirements to protect vegetation will be adequate to protect groundwater. For simplicity in the generalised risk assessment that follows, it is assumed that the EC response for all soils and plants correlates strongly with the EC response for groundwater.
For this reason no specific metric for groundwater response was evaluated. However, for site-specific risk assessments the approach described above is recommended because groundwater quality protection can be a tighter constraint than soil and plant protection from adverse impacts of high salinity.
Relationship between environmental performance index and washing performance index
In addition, the EPI index values for scenario 1 and 3 greywaters for all 50 laundry detergents were then separately regressed against the washing performance measure (Choice ). All statistical analyses were conducted using Genstat ().
RESULTS AND DISCUSSION
Analysis of laundry wash water
Summary statistics for the hazards identified in the 50 powdered washing detergents analysed are summarised in water), concentrations of detergents used in front loader washing machines were significantly higher (p < 0.05) than top loader washing machines where 60 L/wash (excluding rinse water) was used. Front loader washing machine powders also had significantly higher concentrations of P, Na, SAR and RSC in wash water than top loader washing machines. On average front loaders use ∼75 L/full wash cycle and top loaders use ∼150 L/full wash cycle.
Environmental rating and ranking of laundry detergents
The relative distribution of these risks for the eight hazards (Table 7) shows that, when washing with good quality water (deionised water) the risks posed by SAR and RSC were very high for all laundry detergents. Similarly, pH, P and EC risks were very high for the majority of detergents (96, 80 and 74% respectively). High risks were posed by B and Cl (both from foliar and soil sources) for a small proportion (6-12%) of detergents; Table 7 .
The presence of Ca in wash water and dilution with rinse water (i.e. scenarios 2 and 3) lowered the risk slightly from SAR and RSC risk rating (Table 7) . Dilution significantly reduced the risk of EC impacts. Risks associated with other hazards were largely unchanged. This suggests that irrigation of greywater constituted from most of the tested detergents would require remediation strategies to address impacts of SAR, RSC, pH and, for most, also P. For several detergents also EC, B and foliar chloride represent high and very high risks (Table 7 ).
An overall environmental ranking was determined for each detergent by the addition of the environmental ranking value (Table 8) for each hazard in the detergent. Summary statistics for the environmental ranking of the 50 laundry detergents when they are used to create greywater scenarios 1 to 3 are presented in Table 9 . Data are also presented for two additional greywater scenarios: a 1:4 and a 1:9 dilution of scenario 2 greywater. The environmental rankings of the detergents are essentially identical for scenarios 1 and 2. With increased dilution of the laundry detergents (e.g.
greywater scenarios 3, 3a and 3b) with rinse water the average environmental ranking increases (an environmental ranking of 100% indicates a low risk for all hazards assessed for a specific detergent). These data indicate that even with considerable dilution, the risks posed by hazards in many detergents are still unacceptable (i.e. risk is high).
Wash performance compared with environmental ranking Linear regression analysis revealed that there was no significant (p > 0.05) relationship between the environmental performances (i.e. the environmental rating index) and wash performance (Figure 2) . These data indicate that there were detergents in this study with relatively good wash performance and good environmental performance.
This offers some hope for appropriate labelling to result in a shift in the laundry detergent market towards production of more environmentally friendly wash detergents for use when recycling greywater.
Overall environmental performance of powdered laundry detergents
This research highlights that a number of water quality parameters originating in laundry detergents constitute environmental hazards when irrigating with greywater.
Notably in order of priority these are pH, sodium, chloride, phosphorus, electrical conductivity (salinity) and boron, hazards that still require controlling or removing (source control, an exclusion barrier). These constituents may be required to maintain wash performance and removal (an exclusion barrier) as a preventive measure could potentially compromise wash performance. Another preventive measure suggested by the AGWR is an end use restriction barrier, where the user of the greywater must apply on-site Note: environmental ranking values from Table 7 were used to determine environmental rating index. The index is the sum of the environmental ranking values for all 50 detergents expressed as a percentage of the maximum possible score of 1,600 (i.e. 50 detergents × 8 hazards × 4 (insignificant impact)). Table 5 .5 page 59 (Carrow & Duncan 1998) .
Note all impacts are subject to variation with site-specific assessment. Data presented here should be used for a general screening of water quality and risks associated with use of this water for irrigation.
restrictions. For example, to manage the high Na concentrations the end user may need to apply gypsum or Ca (Ca amendment) to control soil sodicity (SAR).
Ideally exclusion barriers are most effective from a practical sense in managing risks posed by hazards as they do not rely on actions by the end user (NRMMC & EPHC ). In the future the challenge for detergent manufacturers will be to meet increasing demands for high environment standards and low risk while maintaining wash performance. This may be complicated if organic chemicals are used to replace some of the inorganic hazards assessed in this paper.
The next logical step is to include organic hazards in the risk assessment as they are also known to be hazards to the which sets a maximum limit for Na (i.e. 21 g/150 L or 140 mg/L) and total phosphates as sodium tripolyphosphate, shall not exceed 25 ml/L at the recommend dosage (If this Na 5 P 3 O 10 is as a salt then this is equivalent to 35 mg/L P). The industry voluntary standard for P to minimise aquatic environmental impacts set by ACCORD is <7.8 g P per wash (i.e. 52 mg/L assuming 150 L/washrinse cycle) or 5% P in the detergent, and for a 'no P' logo is <0.5% P in the detergent (5.2 mg/L in a washrinse cycle) (ACSPA ). With more front loading machines giving enriched wash concentrations and the new guidelines for greywater use in Australia, these values may no longer be appropriate to protect aquatic and terrestrial environments.
Total P concentration in laundry wash water averaged 68 ± 81 mg/L (Table 6) ; for the total wash (wash-rinse) these values would be diluted to 33%. This suggests most would comply with the voluntary industry standard. However, 22 mg P/L in the complete wash cycle would be catastrophic with respect to oversupply of P to plants and increase the risk of off-site impact. These data should be wash performance in deionised water (Choice 2005). Note: wash performance may vary with different water types. Environmental rating calculated from individual detergent data that were aggregated in Table 6 were ranked for each of 8 hazards shown in Table 8 , for waters from scenarios 1 and 3 of Table 7 . moderated with the sorption capacity of the soil for P, which is site specific. However, it highlights the potential for excess P to enter the environment when irrigating with greywater.
Sodium concentrations in wash water averaged 636 ± 499 mg/L (Table 6) ; if this is diluted to 150 L with rinse water the average Na concentration would be 191 mg/L.
On average this value exceeds the eco-labelling maximum limit of Na by 51 mg/L. These data indicate many of the powered laundry detergents tested in this study would not meet this standard. When these Na concentrations are converted to SAR values, the average SAR is 173 ± 115, exceeding the catastrophic impact TV (20, Table 7 ) for detergents, still posed unacceptable risks on soils containing dispersive clays. These data also indicate that in many scenarios SAR values will not meet environmental protection measures identified for greywater recycling in AGWR. These data should also be moderated with the fact that Ca concentrations in the feed water can influence SAR calculations, also water SAR response to soils are moderated by the soil types and the soil ameliorant applied (discussed above).
Another environmental endpoint requiring consideration in AGWR is groundwater. In this evaluation, it is assumed that the hazard posing the tightest constraint is the salinity of greywater used for irrigation. Salt may be regarded as conservative, in that very little is taken up by plants and none is lost by evaporation or transpiration or surface runoff. It is assumed not to be sorbed onto soils and will be mobile in the soil profile in a downwards direction when there is a downward hydraulic gradient in the soil profile. It can also move upwards due to upward hydraulic gradients near the soil surface and in the root zone due to evaporation and transpiration. It will be deposited close to the surface at the point where soil water vaporises during evaporation or around the root where it is unable to enter because of an osmotic gradient. The precipitated salt is available for dissolution and leaching whenever rainfall or irrigation next occurs. Because only a fraction of the irrigation water leaches, it ultimately contains all the salt that has been applied and so the concentration in water recharging an unconfined aquifer will be considerably higher than the concentration in the (greywater) irrigation source, especially in drier climates where there is little dilution by rainfall.
While other considerations such as leaching of nitrate, metals or water with high biological oxygen demand could be considered, they participate in many more biogeochemical reactions, sorption or biodegradation on the soil surface, within the root zone and through the unsaturated zone.
Groundwater quality protection requirements for greywater irrigation will depend on local soil, climate and irrigation management. The evidence presented suggests that in many cases greywater irrigation on a widespread scale would be incompatible with policies that prevented degradation of the groundwater resource. Site-specific investigations are warranted to assess the variability of greywater irrigation in urban areas, and determination of blend-ratios with rainwater to achieve adequate groundwater protection.
CONCLUSION
The concentrations of seven environmental parameters (EC, pH, B, N, P, Cl, Na) commonly found in laundry detergents, were assessed by using the AGWR and assuming the greywater would be used as wash water only or total wash cycled water (wash and rinse water combined) from laundry washes directly on to the garden. No laundry detergent achieved an environmental ranking of 100% (i.e. low risk for all hazards). Overall environmental rankings for the 50 detergents analysed average 44 ± 10% for wash only and 61 ± 11% for wash and rinse (assuming 17 mg/L of Ca in source water).
Most laundry detergents tested passed the voluntary concentration for P set by the industry (ACSPA ) but exceeded a voluntary maximum Na concentration (GECA ). However, there was one detergent in this study with relatively good wash performance and good environmental performance (environmental ranking >80%). These data indicate that there may be more environmentally friendly ways to produce laundry detergents for greywater recycling or aerobic on-site treatment and recycling systems.
Future work is required to assess:
• nitrogen concentrations in laundry detergent; • organic chemicals found in laundry detergent; • the range of other detergents used in domestic households that may enter greywater systems;
• appropriate policies for groundwater protection that account for greywater irrigation;
• environmental performance of liquid detergents and other cleaning agents, soaps and personal care products that enter greywater systems.
The research suggested above, combined with an appropriate labelling system, should allow greywater users to make appropriate choices (i.e. source control preventive measures) for the detergent products they use, ensuring hazards found in greywater that have an impact in the urban environment are minimised. Suitability of detergents at specific sites, with defined soil types, vegetation, hydrology and groundwater conditions and irrigation management systems can be determined; however, the generic approach adopted here is likely to lead to a similar ranking for each detergent in the evaluated cohorts.
